The phylogenetic relationships of the biflagellate protist group Apusomonadidae have been unclear despite the availability of some molecular data. We analyzed sequences from six nuclear encoded genes-SSU rRNA, LSU rRNA, α-tubulin, β-tubulin, actin, or all six studied genes strongly supported the hypothesis that Apusomonadidae is closely related to Opisthokonta (or to all other eukaryotic groups except Opisthokonta, depending the position of the eukaryotic root). Alternative hypotheses were rejected in AU tests at the 5% level. However, the strong phylogenetic signal supporting a specific affiliation between Apusomonadidae and Opisthokonta largely originated from the α-tubulin data.
INTRODUCTION
Our understanding of eukaryotic phylogeny has improved in recent years as the result of increasing sequence data from diverse taxonomic groups. For example, a molecular gene analysis revealed that many morphologically diverse protists form a superclade known as Rhizaria (Nikolaev et al. 2004) . Most eukaryotes are now placed into one of about 15 major eukaryotic lineages whose monophyly is generally undisputed. Some authors reduce these lineages to six 'supergroups' (Simpson and Roger 2004; Adl et al. 2005; Keeling et al. 2005) , although the monophyly of some of these supergroups is currently under debate. More contentiously still, it has been proposed that all major lineages fall into just two primary clades -'unikonts' and 'bikonts' Cavalier-Smith 2003, Richards and Cavalier-Smith, 2005) However, a number of protist taxa cannot be assigned unambiguously to any of these major eukaryotic lineages, despite the presence of electron microscopical data and at least some sequence data (Simpson and Roger 2004; Adl et al. 2005) . These unassigned taxa are pivotal for understanding eukaryotic diversification and for testing macroevolutionary hypotheses such as the unikont/bikont bifurcation (Stechmann and Cavalier-Smith 2003b; CavalierSmith, Chao, Oates 2004) . Apusomonadidae, the focus of our study, is one such group.
The Apusomonadidae ('apusomonads') are a group of free-living heterotrophic biflagellates consisting of two genera-Amastigomonas and Apusomonas. Apusomonads glide along surfaces and feed on bacteria, which are usually engulfed using ventral pseudopodia (Vickerman, Darbyshire, Ogden 1974) . Their cells are covered with a thickened submembranous 'theca' except in the ventral feeding region (Molina and Nerad 1991) . The cells possess two heterodynamic flagella: one anteriorly-directed and Synura were disrupted in liquid nitrogen with a plastic pestle. Vigorous vortexing in the lysis solution was sufficient for colorless protist cells. In some cases, use of degenerate PCR primers for amplifications of protein-coding genes from genomic DNA resulted in multiple bands presumably representing non-specific amplification, and RT-PCR was necessary. Total RNA was purified from Apusomonas, Chrysochromulina, Goniomonas, Leucocryptos, and Thaumatomonas, using the RNeasy Mini Kit (Qiagen, Valencia, CA), and cDNA was synthesized from oligo dT primers using the Access RT-PCR kit (Promega, Madison, WI) .
PCR Amplification, Cloning, and Sequencing
PCR primers for amplifying SSU rRNA, LSU rRNA, α-tubulin, β-tubulin, actin, and Hsp90 gene sequences were designed based on sequence alignments as well as previous studies (Table 1) (Simpson, Lukes, Roger 2002; Simpson, Inagaki, Roger 2006 ).
For some protein coding genes, a two-step nested PCR technique was applied. The standard 50 µl reaction mixture consisted of 2.5 unit of Takara Ex Taq (Takara, Tokyo), 1X Ex Taq buffer, 0.2 mM of each dNTP, 0.6 µM of each primer, and 5% glycerol.
When PCR primers were degenerate at several positions, the standard PCR cyclic reactions consisted of a denaturation step at 95°C for 3 min; 13 cycles of 1 min at 95°C, 1 min at 58°C (1°C decrease each cycle), and 1.5 min at 68°C; 20 cycles of 30 sec at 94°C, end of the coding region was amplified by nested PCR and used to design an exact-match primer. A near-complete coding region was then amplified by a nested PCR with this exact-match primer. The 20 µl reaction mixtures consisted of 1 unit of Taq polymerase (Sigma-Aldrich, St. Louis, MO), 1X buffer (1.5mM MgCl2), 0.2 mM of each dNTP and 1 µM of each primer. The cycling for the final PCR consisted of a denaturation step at 94°C for 2 min; 35 cycles of 20s at 94°C, 1 min at 54°C, and 2.5 min at 72°C; and a final 5 min at 72°C. PCR-amplified fragments were either gel-purified, or were cleaned using Wizard® SV Gel and PCR Clean-Up System (Promega, Madison, WI), and then were cloned into pCR 4-TOPO or pCR 2.1-TOPO vector (Invitrogen, Carlsbad, CA) or pGEM®-T Easy vector (Promega, Madison, WI). Plasmids were isolated from multiple positive bacterial clones using the QIAquick Miniprep Kit (Qiagen, Valencia, CA) or Sigma miniprep kit (Sigma-Aldrich, St. Louis, MO). Multiple clones were partially sequenced, and at least one clone from each reaction was selected for complete sequencing. To eliminate the possibility of contamination, the identities of all gene sequences were verified as described in online Supplementary Material (Method S1).
GenBank accession numbers of new sequences obtained in this study are listed in online Supplementary Material (Table S1 ).
Sequence Alignments
Protein coding genes were translated to amino acids, which were manually aligned using MacClade ver. 4.05 (Maddison and Maddison 2001) . For the alignment of SSU rRNA genes, CLUSTAL X (Thompson et al. 1997 ) was used to produce an approximate alignment, after which the sequences were aligned more accurately based on eukaryotic SSU rRNA secondary structure models (Wuys et al. 2002) from the European database. Yves Van de Peer (Ghent University) kindly provided the LSU rRNA gene sequence alignment used in a previous study (Ben Ali et al. 2001) , which incorporated both primary and secondary structure information. We added our new sequences and other sequences available from GenBank. Ambiguously aligned positions were excluded for all analyses. Initial individual gene alignments included more sequences than the final versions. This allowed detection of possible paralogy and selection of short-branched homologous copies. Through various preliminary phylogenetic analyses, mostly using neighbor joining and maximum parsimony methods, long-branched or potentially nonorthologous sequences were identified and excluded. For example, sequences of most animals and embryophytes, and some fungi were removed from our α-tubulin, β-tubulin, or actin gene alignments because multiple paralogs were present in these multicellular organisms. Multiple gene copies, present in some of the included taxa, were closely related to each other, to the exclusion of all other sequences analyzed. We carefully chose taxa included in the final alignments to increase overall taxonomic representation of the study, yet minimize potential problems associated with long-branch attraction artifacts (Philippe 2000) . In some cases, gene sequences from closely related taxa were concatenated for the combined gene analyses. No alignment position or taxon was included in the analysis if more than 20% of the total data were missing. In addition, in the combined gene alignments, no taxon was included if more than 40% of the individual gene data were missing. Sequence alignments are deposited at TreeBASE (www.treebase.org). 
Phylogenetic Analysis
Protein-coding gene alignments were analyzed at the amino acid level. Maximum likelihood (ML) analysis of amino acid sequences was performed using PROML in the PHYLIP package ver. 3.7 (Felsenstein 2004) . A JTT+Γ+I model of protein evolution was applied with the user-defined Hidden Markov Model (HMM) option for modeling among-site rate variation. The rates and probabilities for the HMM were estimated from the neighbor-joining trees using TREE-PUZZLE ver. 5.2 (Schmidt et al. 2002) . For each ML tree search, the input order of sequences was randomized and the process was repeated 100 times with 'global rearrangements'. Bootstrap values were obtained from 100 re-samplings, each search with one round of random taxon addition followed by global rearrangements. PAUP* 4.0b (Swofford 2002) was utilized for the ML analysis of SSU and LSU rRNA gene sequences. Modeltest ver. 3.7 (Posada and Crandall 1998) was used to find the best fitting model of nucleotide evolution and to estimate substitution rates, base frequencies, Γ distribution parameter (α), and proportion of invariable sites. For each ML tree search, the input order of sequences was randomized and the process was repeated 100 times with the tree bisection and reconnection branch-swapping algorithm. Bootstrap values were obtained from 100 re-samplings, each search with one round of random taxon addition and the nearest-neighbor interchange branch-swapping algorithm.
Bayesian inference of phylogeny was performed using MrBayes ver. 3.1 (Huelsenbeck and Ronquist 2001) . For DNA sequence analyses, the GTR+Γ+I model of evolution was applied. For protein sequence analyses, the WAG+Γ+I model of evolution was used. Preliminary Markov Chain Monte Carlo (MCMC) runs with about 10,000 generations of trees were used to find the optimal temperature values, which seemed to be an important factor in chain mixing (data not shown). At least two independent MCMC runs were then completed and were compared to assess the reliability of each run. A total of 1,000,000-2,000,000 generations of trees were selected and evaluated, and every hundredth tree was sampled for further analysis. The burn-in period was evaluated using Gnuplot ver. 4.0 (Williams and Kelly 1998) .
The approximately unbiased (AU) test was performed to compare three competing hypotheses related to the phylogenetic position of A. proboscidea relative to Opisthokonta and Amoebozoa. Tree topologies reflecting these hypotheses were generated by rearrangement of the ML tree for the dataset (if required). Site likelihoods for each topology were calculated using TREE-PUZZLE. The AU test was performed using CONSEL ver. 0.1h (Shimodaira and Hasegawa 2001) . The output file from TREE-PUZZLE was converted to a CONSEL-compatible format using a Python script kindly 
RESULTS

Evolutionary relationships of Apusomonas proboscidea
The phylogenetic position of Apusomonas was well resolved in the ML analysis of the combined four protein-coding genes (Fig.1) . The clade comprising Apusomonas and Opisthokonta was recovered, and strongly supported, with an ML bootstrap value of In the combined SSU-LSU rRNA gene phylogeny, Opisthokonta, Apusomonadidae, and Amoebozoa formed a clade in both the ML and Bayesian analyses (Fig. 2) . Apusomonas branched weakly with the concatenated 'amoebozoan' sequence (44% ML bootstrap value). However, if additional (long-branched) Amoebozoan sequences were included, Apusomonas formed a very weak clade with Opisthokonta instead (data not shown). SSU rRNA gene analysis also suggested that Apusomonadidae were related to the naked lobose amoebozoan Vexillifera, but without significant support.
In the LSU rRNA gene phylogenies, Apusomonas weakly branched within unresolved clades of biflagellates, not closely related to the included amoebozoan (Mastigamoeba).
Bayesian analysis of the six combined gene sequences indicated that Apusomonas is closely related to Opisthokonta, with Amoebozoa falling as the sister group to Apusomonadidae+Opisthokonta (Fig 4) . Most deep divergences including these clades were resolved with Bayesian posterior probabilities of 1. The more conservative ML bootstrapping approach could not be applied to this mixed amino acid/nucleotide data set.
Our data were used to compare the following three hypotheses. Hypothesis I is that Apusomonadidae is sister to Opisthokonta (the hypothesis most strongly supported by the analyses described above). Hypothesis II is that Apusomonadidae and Amoebozoa are sisters (supported by some of our phylogenies). Hypothesis III is that Opisthokonta and Amoebozoa are sisters to the exclusion of Apusomonadidae (consistent with a 'unikont' clade). In the AU test based on the combined four proteins, hypotheses II and III were rejected (p=2 X 10 -4 , 4 X 10 -4 respectively) (see Supplementary Material online).
The AU test based on α-tubulin alone strongly rejected hypotheses II and III (both p=1 X 10 -7
). However, the analysis of the combined β-tubulin, actin, and Hsp90 gene sequences did not reject hypotheses II and III (p=0.539, 0.472 respectively). These results suggest that the strong rejection signals in the combined protein-coding gene analysis (Fig. 1) mostly originated from the α-tubulin data set. AU tests based on the combined six gene sequences also rejected hypotheses II and III (p=2 X 10 -4
, 4 X 10 -5 respectively) (see Supplementary Material online).
Evolutionary relationships of other protist groups
Our combined protein coding gene sequence analyses found moderate to strong support (88-95%) for a sister relationship between Alveolata and Stramenopiles. Close affinity of Kathablepharidae to Cryptophyceae was recovered in both SSU and LSU gene phylogenies (see Supplementary Material). The combined SSU and LSU gene phylogeny recovered a Kathablepharidae-Cryptophyceae clade with 100% bootstrap support (Fig 2) .
Interestingly, none of the protein phylogenies suggested monophyly of Kathablepharidae+Cryptophyceae, and the position Kathablepharidae was not resolved with over 50% ML bootstrap support in any of the protein gene phylogenies, although the six gene analysis placed it in a clade with Cryptophyceae (Fig 4) . Two genes-SSU and Hsp90-supported a sister relationship between Kathablepharidae+Cryptophyceae and Glaucophyta, although ML bootstrap was moderate, or weak (see Supplementary Material). Apusomonadidae is not likely to branch within Opisthokonta because members of Opisthokonta included in our study formed a strong clade (Fig 1-3) . In addition, Steenkamp, Wright, and Baldauf (2005) reported that Apusomonadidae lack an amino acid insertion in elongation factor 1-α, a synapomorphic character for Opisthokonta.
While Hampl et al. (2005) and Simpson, Inagaki and Roger (2006) 
Implications of an 'Apusomonadidae-Opisthokonta' clade
The two most likely relationships of Apusomonadidae suggested in our study-the Apusomonadidae-Opisthokonta clade and the Apusomonadidae-Amoebozoa clade-conflict with two existing hypotheses related to deep eukaryotic divergences. The first of these hypotheses is that Opisthokonta and Amoebozoa shared a common unikont ancestor (i.e. with a single flagellum and one basal body), while other eukaryotic groups were ancestrally bikont (having two flagella and two basal bodies) (Cavalier-Smith 2002). The second widely-cited hypothesis is that bikonts-including Apusomonadidae-are monophyletic, based primarily on the presence or absence of the DHFR-TS gene fusion (Stechmann and Cavalier-Smith 2002) . As explained below, neither hypothesis is well supported by existing morphological/genomic data and both are contra-indicated by our results. (Olive 1975 ). Spiegel (1981) suggested that the common ancestor of Protostelia likely possessed two basal bodies, and that some members of Protostelia had lost their second basal body.
Morphological and our molecular phylogenetic data conflict with a hypothesis of unikont ancestry for Opisthokonta and/or
Hence, the 'unikont' hypothesis is not particularly well supported by the available morphological data, even before considering the position of apusomonads.
Because the apusomonads have two basal bodies and two flagella, their possible positioning within the Opisthokont-Amoebozoa clade makes a biflagellate common ancestor for this clade more parsimonious. Our molecular study therefore further weakens the hypothesis of unikont ancestry for Opisthokonta and Amoebozoa (Fig 5) . In view of available morphological and molecular evidence, categorizing the minimum Opisthokonta+Amoebozoa clade as 'unikonts' seems unjustified on present data. Philippe et al. (2000) and Stechmann and Cavalier-Smith (2002) proposed that possession of two separate, monofunctional DHFR and TS (thyA) genes was the archaic condition for eukaryotes, since bacteria, when they possess these two genes, also produce two separate proteins. Based on this premise, Stechmann and Cavalier-Smith (2002) used the presence or absence of gene fusion between DHFR and TS (thyA) to help infer the position of the eukaryotic root. Cavalier-Smith (2002, 2003b) did not find the DHFR-TS fusion gene in Opisthokonta and Amoebozoa, but noted that studied representatives of Alveolata, Apusomonadidae, Euglenozoa, Rhizaria, Stramenopiles, and Viridiplantae have bifunctional DHFR-TS fusion genes.
Conflict between our molecular phylogenetic results and interpretations of the DHFR-TS gene fusion data:
Therefore, these authors suggested that eukaryotes with this 'derived' gene fusion form a monophyletic group ('bikonts'), within which the eukaryote root cannot lie. However, this concept is questionable for several reasons. (Lazar, Zhang, Goodman 1993; Schlichtherle, Roos, Van Houten 1996) . In addition, the DHFR and TS genes may have been subjected to multiple lateral gene transfer (LGT) events. For example, the amoebozoans Dictyostelium (Leduc et al. 2004) and Physarum have apparently replaced their TS (thyA) genes with non-homologous TS (thyX) genes. Lastly, there is a lack of strong independent evidence for the 'bikont' clade supposedly identified by DHFR-TS fusion. Stechmann and Cavalier-Smith (2002) propose that the presence of flagellar transformation is a second synapomorphy for the bikont clade (see also Cavalier-Smith 2002), however this idea is complicated by the unambiguous presence of a form of flagellar transformation in the biflagellate 'unikont'
Physarum (Wright, Moisand, and Mir 1980) . Collectively, these considerations suggest that the proposal that the DHFR-TS gene fusion represents a single derived evolutionary event within the diversification of extant eukaryotes is questionable.
Our study, which supports an Apusomonadidae+Opisthokonta clade, places a fusion-bearing taxon within the only non-fusion-bearing clade of eukaryotes. If our phylogenetic placement of Apusomonadidae is correct, this implies one of two possibilities: i) The DHFR-TS fusion was laterally transferred at least once (or that the fusion event occurred more than once), and hence is an unreliable phylogenetic marker, or, ii) The DHFR-TS fusion represents an unique evolutionary event, but this took place before the divergence of extant eukaryotes, and hence is an ancestral character state (plesiomorphy) for all living eukaryotes. Therefore our study adds substantial additional doubt as to the validity of the DHFR-TS fusion as a marker for deep eukaryote diversification, and the monophyly of the group identified by the fusion ('bikonts').
Evolutionary relationships of other groups
Our new sequences for representatives of Alveolata, Cryptophyceae, Glaucophyta, Haptophyta, Stramenopiles, Kathablepharidae, Rhizaria, and Viridiplantae, allowed us to evaluate additional relationships among major eukaryotic lineages. Our LSU rRNA gene phylogeny confirmed the previous result of SSU rRNA phylogeny, that
Kathablepharidae and Cryptophyceae are sister taxa (Okamoto and Inouye 2005) .
Alveolata and Stramenopiles were sisters in multiple protein gene phylogenies in our analyses (Fig 1, 3) , consistent with previous multi-protein analyses (Baldauf et al. 2000; Harper, Waanders, Keeling 2005; Simpson, Inagaki, Roger 2006) . In the combined SSU and LSU rRNA phylogeny (Fig 2) , however, Alveolata branched weakly with Rhizaria, which was also observed in some previous SSU rRNA gene analyses ( Grzebyk et al. 2004; Keeling et al. 2004 ). Because our individual gene analyses of SSU rRNA and Hsp90 as well as previous Hsp70 phylogeny (Rensing et al. 1997) suggested, albeit without strong support, close affinity of the KathablepharidaeCryptophyceae clade (or Cryptophyceae) to Glaucophyta, additional genomic data from Kathablepharidae and Cryptophyceae would be useful to further evaluate their phylogenetic relationship to other putative "chromalveolate" groups.
Supplementary Material
Supplementary Figures S1-S6 represent ML trees based on analyses of individual gene sequences. Table S1 shows GenBank accession numbers of newly obtained sequences in this study. Table S2 shows AU test results. Method S1 includes supplementary method information. 
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